Introduction
Central nervous system (CNS) development, which consists of the production of a vast variety of neurons and glia, is one of the most hierarchical and intricate events of embryogenesis [1] , A key issue in the neurogenesis of vertebrate embryos is understanding how multipotent progenitors integrate spatial and temporal signals to direct neural differentiation of diversified cell types. The basic helix-loop-helix (bHLH) transcriptional factors play a major part in this process [2, 3] , and they can be classified into three types according to their functions [4, 5] . Class I, E proteins, including two isoforms of E2A gene product, E12 and E47, are ubiquitously expressed in all tissues and are capable of forming heterodimers with other bHLH proteins [6] ; Class II, tissue-specific activators, are involved in cell fate determination, and bind DNA by forming heterodimers with E proteins [7, 8] ; Class III, negative regulators such as the Id and Hes families, inhibits the Class II bHLH protein activity by interfering with their functional dimerization [9] [10] [11] .
Class II tissue-specific bHLH activators demonstrate unique expression patterns during CNS development. Based on their temporal expression sequence, they can be further divided into neural determination factors such as the proneural genes, Mash1, Neurogenin1 (Ngn1) and Neurogenin2 (Ngn2), which are expressed in proliferating neural progenitors at the initiation of neuronal differentiation, and neural differentiation factors, such as NeuroD1 that is mainly expressed in young post-mitotic neurons FRET detection of bHLH transcription factors 586 npg undergoing neuronal differentiation [4, 5, 12] . Loss-offunction studies in mice have demonstrated the importance of these tissue-specific bHLH activators in the formation of specific populations of neurons [3] . Understanding how these regulatory proteins function will shed light on the mechanisms of nervous system development.
Class II tissue-specific bHLH activators function by forming heterodimers with E proteins, and bind to Eboxes with the consensus sequence of CANNTG in the promoter of target genes [13, 14] . The three-dimensional structure of the E47 protein bound to DNA showed a parallel, four-helix bundle with the basic region contacting the major groove of DNA [15, 16] . However, there is still no detailed information on the interactions between different tissue-specific bHLH activators and E proteins in living mammalian cells and developing nervous system, and on the protein-DNA complex formations between bHLH factors and their cognate cis-elements in neural progenitors and post-mitotic young neurons.
Fluorescence resonance energy transfer (FRET) is a quantum mechanical process that involves energy transfer from a donor fluorophore to an appropriately positioned acceptor fluorophore. The efficiency of energy transfer varies with the inverse sixth power of the distance between donor and acceptor, thus limiting FRET to a short range of 1-10 nm [17] . Therefore, any significant FRET infers actual physical interactions between two proteins [18] . Combined with the green fluorescence protein (GFP)-based cell assay, FRET detected by the confocal microscopy provides a powerful tool for monitoring protein-protein interactions with high temporal/spatial resolution in living mammalian cells under various physiological conditions [19, 20] .
In an attempt to establish an in vivo system capable of studying dynamic bHLH protein dimerization, we overexpressed bHLH factor-enhanced yellow fluorescence protein (EYFP)/enhanced cyan fluorescence protein (ECFP) fusion proteins in both human embryonic kidney (HEK) 293 cells and neural tubes of chick embryo, and observed FRET occurrence in living mammalian cells as well as in developing neural tissues.
Materials and Methods

Construction of CFP and YFP fusion proteins
ECFP and EYFP are the most widely used FRET pairs [21] . Because EYFP has a much stronger fluorescence intensity than ECFP, we made the larger E47 (654 amino acids) and EYFP fusion protein the acceptor fluorophore, and the smaller tissue-specific activators, NeuroD1 (357 amino acids), Mash1 (231 amino acids), Ngn1 (244 amino acids) and Ngn2 (263 amino acids), and ECFP fusion proteins the donor fluorophore to ensure comparative expression levels of donor and acceptor. ECFP-Nuc (Clontech), a specific nucleus-localized ECFP, was used as a negative control for FRET analysis in HEK293T cells.
The EYFP-pcDNA3 was constructed by PCR amplification of EYFP coding region from the pEYFP expression vector (Clontech) with primers to generate XhoI and XbaI sites at the 5′ and 3′ ends, respectively. The PCR product was digested with the same enzymes and cloned into pcDNA3 (Invitrogen). The Myc tag fragment was digested from Myc-pcDNA3 [22] with BamHI and EcoRI, and inserted into corresponding sites of EYFP-pcDNA3 to produce the Myc-EYFP-pcDNA3 vector. The human E47 protein coding region was amplified by PCR with two EcoRI sites and inserted in-frame into Myc-EYFP-pcDNA3 to generate the Myc-tagged EYFP and E47 fusion protein expression construct, Myc-E47-EYFP.
The coding region of mouse NeuroD1 protein was amplified by PCR with two EcoRI sites and subcloned into the same sites of pECFP-N1 (Clontech) to construct the NeuroD1 and ECFP fusion protein expression vector, NeuroD1-ECFP. The HA-tagged mouse Ngn1 and Ngn2 protein coding regions in the HA-Ngn1-pcDNAI and HA-Ngn2-pcDNAI vectors were PCR-amplified with HindIII/EcoRI sites and inserted into the same sites of pECFP-N1 to produce the HA-tagged Ngn1, Ngn2 and ECFP fusion protein expression vectors, HA-Ngn1-ECFP and HA-Ngn2-ECFP. PCR was also used to amplify the mouse Mash1 coding region with BglII/EcoRI sites at both ends. The PCR product was then digested with BglII/EcoRI and inserted into BamHI/EcoRI sites of HA-Ngn1-pcDNAI to replace the Ngn1 coding region and construct HA-Mash1-pcDNAI. The HA-tagged Mash1 was cut with HindIII/EcoRI and ligated into the corresponding sites of pECFP-N1 to generate the HA-Mash1-ECFP fusion protein.
The stop codons of bHLH proteins were mutated by primer design, and the sequence fidelity of all expression vectors were confirmed by DNA sequencing (BioAsia, China).
Cell culture, transient transfection and protein analysis
HEK293T cells were cultured in Dulbecco's modified Eagle's medium/F12 (DMEM/F12, Sigma) supplemented with 10% fetal bovine serum (FBS, Hyclone). For plasmid transfection, 3 µg DNA was used for a 60 mm cell culture dish. The DNA-calcium mixture was added drop-wise to cells and maintained in an incubator at 37 ºC with 5% CO 2 for 8 h. The medium was then replaced with fresh medium and cells were incubated for an additional 24-48 h before use [23] .
Western blot analysis of ECFP and EYFP fusion proteins were performed as previously described [24] . The cell lysates were separated by SDS-PAGE, and transferred to nitrocellulose membrane (Amersham). The resulting blots were probed with mouse anti-HA (Santa Cruz) and anti-Myc (Santa Cruz) monoclonal antibodies, and rabbit anti-GFP (molecular probes) polyclonal antibodies, respectively.
Immunoprecipitations were performed as described previously [25] . Forty-eight hours after transfection, HEK293T cells were lysed with lysis buffer (120 mM NaCl, 0.5% NP-40, 100 mM NaF, 50 mM Tris-Cl, pH 8.0) and centrifuged at 10 000×g at 4 ºC for 10 min. To monitor the protein expression level, 10% of total cell lysates of each sample were used for Western blots.
Subcellular localization of fusion proteins
HEK293T cells grown on poly-l-lysine coated glass coverslips were transfected transiently with fusion protein expression vectors as described above. Forty-eight hours after transfection, the cells were fixed by 4% paraformaldehyde (PFA) in PBS at 4 ºC for 30 min and stained with DAPI (1 mg/ml) for 3-5 min at room temperature. The 
Fluorescence recovery after photobleaching (FRAP) analysis of bHLH-EGFP fusions
Cells were observed using BioRad Radiance 2100 confocal laser scanning microscope with a 60× oil objective lens. For bHLH-ECFP fusion proteins, cells were excited with 457 nm and emission was collected at 485/30 nm. For Myc-E47-EYFP, cells were excited at 514 nm and emission was collected at 545/40 nm. Images were taken every second at a resolution of 512×512 pixels per inch. After the first four images, a selected rectangular region of fixed size in the nucleus was bleached with a set laser of maximal power for 50 iterations. Fluorescences in the bleached and unbleached regions were quantified at each time point with minimal laser power using lasersharp 2000 software. Data were plotted in a graph to show recovery of fluorescence in the bleached region, with pre-bleach intensity as 1.0. At least 10 cells were measured and gave similar results [26, 27] .
FRET analysis of living cells
FRET was quantified on the basis of the acceptor photobleaching method, developed for laser-scanning confocal microscopy [28] [29] [30] . HEK293T cells were co-transfected with different pairs of ECFP and EYFP fusion protein expression vectors. Conventional fluorescence microscopy was used to confirm fluorescence protein expression 24-48 h after transfection, and then cells were re-fed with serum-free DMEM/F12 medium before being imaged by confocal microscopy. For donor imaging, the CFP filter was set with excitation at 457 nm and emission at 485/30 nm, while the YFP filter was set with excitation at 514 nm and emission at 545/40 nm for acceptor imaging. Images were created with a resolution of 512 × 512 pixels per inch. Cells with low to moderate expression levels of both ECFP and EYFP fusion proteins were selected. To produce non-saturating fluorescence, the cells were first pre-scanned with a suitable laser intensity and voltage, and then images of the donor and acceptor were taken simultaneously. To detect FRET, cells with similar fluorescence intensity ratio of donor/acceptor were chosen and regions of interest (ROI1) within the fluorescence-expressing area of the nucleus were selected for photobleaching. In the same nuclei, a region with the similar fluorescence intensity as ROI1 was chosen as the unbleached control, ROI2. Seven pre-bleach images were taken first, then the ROI1 was bleached with the maximum 514 nm lasers for 6-10 iterations, and seven post-bleach images of the donor and acceptor were captured finally under the same conditions as those for the pre-bleach images [31] . Fluorescence intensity of the selected ROI was quantified at each time point by lasersharp 2000 software (BioRad) and was recorded in a spreadsheet to be imported in Excel.
FRET was also detected with the same method in fixed HEK293T cells. The only difference was that the cells were fixed by 4% PFA before analyzed.
The efficiency of FRET was assessed by measuring average donor fluorescence intensities before (D pre ) and after (D post ) photobleaching of the acceptor. The efficiency of FRET was calculated as E=(D post - [28] [29] [30] [31] , where D pre is defined as the average fluorescence intensity of seven pre-images of the ROI, and D post is calculated as the average intensity of seven post-images. It is assumed that FRET did not occur where D post was less than D pre . The result values are means±SEM of at least three independent experiments, each analyzing 2-3 cells.
In ovo chick embryo electroporation and FRET analysis
Fertilized eggs were obtained from the Shanghai Academy of Agricultural Sciences (Shanghai, China). Experiments were carried out in accordance with the Guide for Care and Use of Laboratory Animals sponsored by the United States National Institute of Health. In ovo electroporation of chick embryo was performed as previously described [32] . Briefly, fertilized eggs were incubated at 38 o C, and the embryos were staged according to Hamburger and Hamilton [33] DNA solutions of expression vectors (1.5 µg/µl) with 0.05% fast green were injected into the lumen of the closed neural tube of chick embryo at stages 12, 13, and were electroporated into cells on one side of the neural tube by electrodes flanking the embryo. Squarewave current (six 30 ms pulses of 25 mV) was generated using BTX ECM830 Electro Square Porator TM (Genetronics Inc.) connected to 4 mm platinum electrodes. The embryos were then incubated at 38 ºC for 24 h, and collected at stages 17, 18. Surviving embryos were sacrificed and the expression of fusion proteins was examined by a fluorescence dissection microscope (Leica). Embryos with ECFP and EYFP expression in the neural tube were fixed in 4% PFA in PBS for 1 h at 4 ºC, equilibrated in 20% sucrose in PBS overnight at 4 ºC, and embedded with Tissue-Tek OCT compound (Leica). These embedded tissues were sectioned at a thickness of 20 µm, and the tissue sections were examined under a conventional fluorescence microscope (Olympus). For each FRET pair, more than 100 fluorescence-expressing cells from different embryos were counted and the percentage of cells located within the medial or lateral half of the neural tube was calculated. FRET analysis of neural tube sections was performed as described above. Statistical analyses were carried out with the student's t-test. *: P<0.05, **: P<0.01.
Results
Characterization of CFP and YFP fusion protein expression
To detect bHLH protein interactions via FRET, tissuespecific activators, NeuroD1, Mash1, Ngn1 and Ngn2, were fused with the donor fluorophore, ECFP, and the E47 protein was fused with the acceptor fluorophore, EYFP. Both ECFP and EYFP were fused at the C-terminus of these bHLH factors to avoid perturbations of the function of DNA-binding domain ( Figure 1A ).
Western blots were used to determine fusion protein expression levels in mammalian cells. In HEK293T cells transfected with NeuroD1-ECFP expression vector, the fusion protein could be detected by anti-GFP antibody, which could recognize EGFP variants, ECFP and EYFP. The other fusion proteins, HA-Mash1-ECFP, HA-Ngn1-ECFP, HA-Ngn2-ECFP and Myc-E47-EYFP were detected by the anti-HA and anti-Myc antibodies, as well as the anti-GFP antibody. Molecular weights of the fusion proteins recognized by anti-HA or anti-Myc antibodies were identical to those of fusion proteins recognized by anti-GFP antibody ( Figure 1B ). No protein band was detected in the non-transfected control cells (data not shown).
Confocal microscopy was used to examine the subcellular localization of fusion proteins. As shown in Figure   1C -G, all these fusion proteins were localized in the nuclei of the transfected cells and displayed a typical speckled pattern as observed previously for many transcriptional factors [34] . In contrast, the fluorescence proteins encoded by the control expression vectors, pECFP-N1 and EYFPpcDNA3, were observed in both cytoplasm and nucleus ( Figure 1H-I) . No fluorescence was detected in non-trans- 
Tissue-specific bHLH activators could be co-immunoprecipitated with E47 protein
To confirm protein-protein interaction between fusion proteins of the tissue-specific bHLH activators and E47 protein, four different pairs of fusion protein expression vectors were co-transfected into HEK293T cells, and immunoprecipitation (IP) and Western blot (Blot) assays were performed. The results indicated that co-immunoprecipitation could be detected in the cells transfected with both NeuroD1-ECFP and Myc-E47-EYFP plasmids, but not in the cells transfected with either vector alone (Figure 2A) . Similarly, the co-immunoprecipitation occurred between HA-Mash1-ECFP and Myc-E47-EYFP, HA-Ngn1-ECFP and Myc-E47-EYFP, and HA-Ngn2-ECFP and Myc-E47-EYFP fusion protein pairs in the cells co-transfected with both plasmids, but not in the cells transfected with either vector alone ( Figure 2B ). These results suggest that the tissue-specific bHLH activators, NeuroD1, Mash1, Ngn1 and Ngn2, did form protein complexes with the ubiquitously expressed partner, E47 protein, in mammalian cells.
The low mobility of Myc-E47-EYFP fusion protein in HEK293T cells
FRAP was used to determine the dynamic property of Myc-E47-EYFP fusion protein in living HEK293T cells (Figure 3 ). HEK293T cells expressing yellow fluorescence were irreversibly photobleached by the high-powered 514 nm laser in selected area of the nucleus with confocal microscopy ( Figure 3A , ROI1, green boxes). After photobleaching, the fluorescence intensities in the bleached (ROI1) and unbleached areas (ROI2, red boxes) were recorded by sequential imaging scans at different time points. The fluorescence intensity in ROI1 was reduced significantly and recovered very slowly up to 120 s, while the fluorescence in ROI2 did not change much during the same period ( Figure 3A) . The intensities in ROI1 and ROI2 were also measured at each time points, plotted and shown as the green and red lines, respectively ( Figure 3B ). The fluorescence decreased to 30% of the pre-bleached intensity in ROI1 immediately after photobleaching, and recovered to 50% of its pre-bleached intensity after 30 s. In ROI2 regions, however, the fluorescence decreased slightly to 90% of the pre-bleached intensity after 120 s of repeated scanning ( Figure 3B ). As ECFP is not sensitive to photobleaching [35, 36] , no obvious fluorescence loss was observed for all four ECFP fusion proteins even after 100 iterations of photobleaching with the maximum laser power (data not shown). However, the problem considered most in FRET analysis of living cell is the acceptor mobility, as photobleaching of acceptor fluorophore will cause inhomogeneity in the cellular fluorescent population [37] . Our results showed that the low mobility of acceptor, Myc-E47-EYFP fusion protein, will not interfere with FRET detection in living mammalian cells by the acceptor photobleaching method.
FRET occurs between fusion proteins of tissue-specific bHLH activators and E47 protein in the nuclei of living mammalian cells
To visualize direct protein-protein interactions between the tissue-specific bHLH activators and E47 protein, four pairs of fusion protein expression vectors were co-transfected into HEK293T cells, and fluorescence intensities in the nuclei of living cells were measured with confocal microscopy ( Figure 4) . As the quantitative measurement of FRET efficiency depends on the consistent expression level of donor and acceptor proteins, cells with similar cyan/yellow fluorescence intensity were selected, and the ratios of pre-bleach donor and acceptor fluorescence intensity were within the range of 0.55-0.67 (Table 1) .
Taking the Mash1/E47 fusion protein pair as an example, an acceptor photobleaching region (ROI1, green boxes) and an unbleached control region with similar fluorescence density (ROI2, red boxes) were selected ( Figure 4A , Table  1 ). The intensity of yellow fluorescence within ROI1 was reduced in the acceptor post-bleaching image, demonstrating the bleach efficiency. The yellow fluorescence in ROI1 showed little recovery after the photobleaching, probably due to the low mobility of E47 fusion protein. (Figure 4A , lower panel). The blue fluorescence within the same ROI1 increased in the donor post-bleaching image, revealing donor dequenching and the occurrence of FRET between acceptor and donor ( Figure 4A, upper panel) . During the process of FRET analyzing, the fluorescence intensities of acceptor and donor within ROI1 (green lines in Figure 4 A') and ROI2 (red lines in Figure 4 A') were captured at each time point before and after 514 nm laser photobleaching. Consistently, decreased acceptor intensities (green lines in the lower panel) and increased donor intensities (green lines in the upper panel) could be observed. As a control, fluorescence intensities of acceptor and donor within ROI2 (red lines in Figure 4A ') were only slightly changed. Similarly, increased donor fluorescence intensities were also detected after photobleaching in NeuroD1/E47, Ngn1/E47 and Ngn2/E47 fusion protein pairs, indicating that the FRET occurred between these fusion proteins ( Figure 4B-D) . FRET efficiencies of each fusion protein pair from 8 to 12 cells in three independent experiments are 20-30% ( Figure 5F ). A nucleus localized ECFP, ECFP-Nuc, was co-transfected with Myc-E47-EYFP into HEK293T cells as 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 the negative control. No increased donor intensities could be detected within ROI1 after photobleaching ( Figure 4E and E'). Thirteen out of sixteen cells showed lower average D post compared with average D pre , suggesting that no FRET occurred between these fusion proteins. The FRET efficiency of other three cells was 3.755±2.198%, significantly lower than that of bHLH fusion protein pairs.
To further validate the FRET data in living cells, we did the same FRET analysis in fixed HEK293T cells for all four pairs of fusion proteins, and found that FRET did occur in these cells, and there was no statistical difference in FRET efficiencies between living and fixed cells ( Figure 5F ). Altogether, these results suggest that interactions between fusion proteins of tissue-specific bHLH activators and E47 protein occurred in the nuclei of living mammalian cells.
FRET occurs between fusion proteins of tissue-specific bHLH activators and E47 protein in chick embryo neural tube
The tissue-specific bHLH activators, Mash1, Ngn1, Ngn2 and NeuroD1 play significant roles during vertebrate neurogenesis [3, 38] . Studying protein-protein interactions of these factors in developing CNS could provide insights into the mechanism of their functions. These four fusion protein pairs were in ovo electroporated into chick embryos at stages 11, 12, and embryos were collected at stages 17, 18. For each pair, 5-9 embryos expressing fluorescence were obtained ( Figure 5A ). Analysis of sections of electroporated embryos showed that expression of fluorescent fusion proteins was restricted to neural tubes ( Figure 5B ). For these four pairs, most of the fluorescence-positive cells localized in the lateral half of neural tube, and less than 20% of them existed in the medial half ( Figure 5E ). The fluorescence expression levels of the cells localised in the lateral and medial were similar (arrow in Figure 5C -D and data not show).
Confocal microscopy was used to analyze FRET occurrence in the electroporated neural tubes. The yellow fluorescence of Myc-E47-EYFP fusion protein co-localized with the cyan fluorescence of HA-Ngn1-ECFP fusion protein in the nuclei of neural progenitors and post-mitotic young neurons ( Figure 5C-D) . Taking the Ngn2/E47 fusion protein pair in the cells in the medial half as an example, the donor fluorescence intensities increased after photobleaching in ROI1 (green boxes in Figure 5G and green lines in Figure 5G ', upper panel), indicating the occurrence of FRET between this pair of fusion proteins. The other fusion protein pairs showed similar results in the medial half cells (Figure 5H-J) . To distinguish regional difference of fusion protein interactions in chick neural tubes, the FRET efficiencies of medial and lateral half localized cells were analyzed separately. The calculated FRET efficiencies of four FRET pairs, each from an average of 8-14 cells from different embryos, revealed that Mash1/E47 pair in the medial half cells produced much higher FRET efficiency than that in the lateral half cells and HEK293T cells. On the contrary, the FRET efficiency of Ngn2/E47 pair in the lateral half cells was significantly higher than that in the medial half cells and HEK293T cells. The NeuroD1/E47 and Ngn1/E47 pairs did not show difference among these four conditions ( Figure 5F ). Taken together, these results suggest that protein-protein interactions occurred between fusion proteins of tissuespecific bHLH activators and E47 protein in the developing neural tubes of chick embryo, and Mash1/E47 and Ngn2/E47 fusion protein pairs apparently formed more compact complexes in specific regions of neural tubes than in HEK293T cells.
Discussion
Neural-specific bHLH activators function as master regulators in vertebrate neurogenesis. They are sufficient to initiate neuronal differentiation programs in non-neural cells [39] [40] [41] . Genetic studies revealed that these proteins are functionally divergent during nervous system development. Targeted disruption of Mash1 in mice resulted in neurogenesis defects in multiple regions of the nervous system, including the ventral telencephalon and olfactory sensory epithelium [42] [43] [44] . Ngn1 or Ngn2 single knockout mice showed complementary loss of cranial sensory ganglia, whereas the Ngn1/2 double knockout mice lacked the spinal sensory ganglia as well as a majority of ventral spinal cord neurons, due to, as for Mash1, an early defect in neurogenesis [40, 45, 46] . NeuroD1 null mice have defects in the granule layers of the cerebellum and hippocampus, and in the inner ear sensory neurons because of a later function of NeuroD1 in neuronal differentiation [47, 48] . Understanding the mechanism of how different neural bHLH factors integrate positional information into the process of neurogenesis will facilitate the generation of multiple types of neural cells from pluripotent stem cells in vitro.
The recently developed GFP-based FRET technique provides a unique means of detecting protein-protein interactions in living cells. FRET efficiency is a direct reflection of the distance between donor and acceptor proteins, and can be used to measure the strength of interaction of two proteins under various physiological conditions. In this study, the FRET analysis of protein-protein interactions between different neural bHLH factors and E47 protein in HEK293 cells showed that Class II tissuespecific bHLH activators were able to form dimers with E47 protein effectively in the nuclei of living mammalian cells (Figure 4) .
The GFP-based FRET technique has been limited previously to analysis in cultured cells probably owing to the low transfection efficiency of tissues and organs. Meantime, it is important to establish a genuine in vivo system to study bHLH protein interactions in the developing embryo. After electroporated in ovo into the neural tubes of chick embryos, effective expression of fluorescent proteins were detected ( Figure 5A ). ECFP and EYFP fusion proteins co-localized in the nuclei of neural progenitors and post-mitotic neurons in electroporated neural tubes ( Figure 5B-D) , and FRET occurrence could be measured readily in these cells ( Figure 5G-J) . This is the first detection and demonstration of protein-protein interactions by GFP-based FRET technology in developing neural tissues.
For the four FRET pairs, most of the fluorescence expressing cells localized in the lateral half of the neural tube ( Figure 5B and E) , which consists mainly of post-mitotic, differentiating young neurons [49] . The most likely explanation of this interesting pattern is that overexpression of proneural genes may induce neural progenitor differentiation and promote their migration from the medial to the lateral half [50] . However, 20% of cells with similar amounts of bHLH protein expression did stay in the medial half (arrow in Figure 5C -D and data not shown); this was probably owing to the different intracellular competence between these cells and the migrating cells. Studies of the interior cell competence will facilitate better understanding of the mechanism of nervous system development.
Within four FRET pairs of fusion proteins, two of them, Mash1/E47 and Ngn2/E47, showed much higher FRET efficiencies in different regions of chick neural tube than in HEK293 cells, while NeuroD1/E47 and Ngn1/E47 pairs showed no significant differences between these conditions ( Figure 5F ), implying much more intimate interactions between E47 protein and Mash1 in the medial half or E47 protein and Ngn2 in the lateral half of developing neural tube than that in HEK293 cells. We speculate that conditions for bHLH protein-E box complex formation in HEK293 cells differ from those in chick embryo neural tubes because HEK293 cell is a kidney epithelial cell line with no potential to differentiate into neural cells, and the E-box containing regulatory regions of proneural gene targets might locate in regions of compact chromatin and might be inaccessible by the neural bHLH proteins. Overexpressed bHLH-GFP fusion proteins in HEK293 cells might result in loose and non-functional protein complexes in the absence of binding to cognate cis-elements [51] . In developing neural tube, however, neural progenitors can potentially differentiate into neurons and glia, and they normally express neural bHLH factors [12, [52] [53] [54] [55] . It is therefore reasonable to assume that in this context, the Eboxes of proneural gene targets are more easily accessible cells [NeuroD1/E47 (n=8), Mash1/E47 (n=12), Ngn1/E47 (n=9) and Ngn2/E47 (n=10)], in fixed HEK293T cells [NeuroD1/E47 (n=7), Mash1/E47 (n=10), Ngn1/E47 (n=10) and Ngn2/E47 (n=8)], in the medial half of chick neural tube [NeuroD1/E47 (n=12), Mash1/E47 (n=12), Ngn1/E47 (n=10) and Ngn2/E47 (n=8)], and in the lateral half of chick neural tube [NeuroD1/E47 (n=14), Mash1/E47 (n=8), Ngn1/E47 (n=8) and Ngn2/E47 (n=9)] were shown in (F). Scale Bar for (A) is 1 mm, for (B), (C) or (D) is 50 µm, for (G) is 2 µm. npg for binding by the bHLH neural regulators. Upon binding to E-boxes, bHLH protein dimmers may undergo conformational changes and form more compact complexes. As a result, DNA and protein complexes produce higher FRET efficiencies than the protein dimers alone [56] . Thereby, FRET efficiencies can be used to effectively describe the binding status of bHLH factors with their specific target sequences [57, 58] .
During chick neural tube development, Mash1 and Ngn2 have complementary expression patterns in chick motor neuron specification. Ngn2 is mainly expressed in the lateral half, where motor neuron progenitors begin to acquire general neuronal properties and become post-mitotic, whereas Mash1 is excluded from this area of neural tube and mainly expressed in the medial half of the neural tube [59] . Consistent with these expression patterns, the Mash1/E47 and Ngn2/E47 pair showed higher FRET efficiencies in their expression regions of neural tube, suggesting that they might form the functional protein-DNA complexes with their target genes in the medial and lateral part, respectively. The complementary expression pattern for Mash1 and Ngn2 has been found in many locations of mouse developing nervous system and proved to be functionally relevant in these regions, as the ventral telencephalon progenitor and autonomic neurons for Mash1, and the dorsal telencephalon progenitor and sensory neurons for Ngn2 [40, 42, 45, 46] . Based on these observations, we propose that the complementary activities of Mash1 and Ngn2 during nervous system development might be conserved in vertebrates. Our work may help understand the cellular differences between the Mash1-expressing medial half cells and the Ngn2-expressing lateral half cells in chick motor neuronal differentiation.
In summary, we have established a GFP-based FRET method to detect bHLH protein-protein interactions in living mammalian cells, and also in developing neural tissues. With this method, our results show that different neural bHLH proteins might participate in protein complexes with different configurations during neurogenesis. This method could be used to further study the dynamics of protein-protein interactions in various stages of neural determination and differentiation both in vitro and in vivo.
